The Urea Cycle Disorders Consortium (UCDC) was created as part of a larger network established by the National Institutes of Health to study rare diseases. This paper reviews the UCDC's accomplishments over the first six years, including how the Consortium was developed and organized, clinical research studies initiated, and the importance of creating partnerships with patient advocacy groups, philanthropic foundations and biotech and pharmaceutical companies.
Introduction
The Rare Diseases Clinical Research Network (RDCRN) was established by the National Institutes of Health (NIH) in 2003 to facilitate collaboration among experts in many different types of rare diseases of childhood and adulthood. Although research networks or consortia have long served to advance our understanding of a number of rare diseases (e.g. PKU), such was not the case with Urea Cycle Disorders (UCD) before 2003. There had never been an attempt to develop a national collaborative approach to researching UCD. Funding of the Urea Cycle Disorders Consortium (UCDC) as part of the RDCRN over the past six years has addressed this gap. There is now a network of 15 clinical and research centers that provide state-of-the-art care and clinical research to patients with UCD.
The UCDC has developed a website, which was visited over 34,000 times by the lay public and by professionals in 2008. The resources available on the website include general information about UCD for lay and professional groups, diagnostic and treatment guidelines, a registry, and information about clinical trials and outcome. In addition, the UCDC has trained eleven geneticists who have now entered the field of inborn errors of metabolism as clinical investigators. The UCDC has established partnerships with the National Urea Cycle Disorders Foundation (NUCDF), philanthropic foundations, and biotech and pharmaceutical companies, which have contributed to the UCDC's success.
Rare Diseases Clinical Research Network
Ten consortia and a Data and Technology Coordinating Center (DTCC, now DMCC, Data Monitoring and Coordinating Center) were selected by the NIH to be a part of the original Rare Diseases Clinical Research Network, including the Urea Cycle Disorders Consortium (UCDC). In the re-competition held in 2008, this network has been expanded to 19 consortia. The RDCRN is governed by a steering committee, comprised of a principal investigator from each consortium, the director of the Data Monitoring and Coordinating Center (DMCC), NIH program and scientific officers, and a representative of the Coalition of Patient Advocacy Groups (CPAG). The steering committee and its standardization working groups develop policies, procedures, and standards for data collection, which reduces the effort each individual consortium must put forth in these efforts. The DTCC provides statistical, study implementation, data management, and monitoring support for the network. It also acts as a liaison between the consortia and the NIH-led Protocol Review Committee (PRC), which provides in depth scientific review of protocols developed by the consortia, and the Data and Safety Monitoring Board (DSMB), which monitors study protocols, ensures the safety of study participants and the integrity of studies (Figure 1 ). (Figure 2 ).
Urea Cycle Disorders Consortium
Each Consortium site is led by a principal investigator, who is a board-certified metabolic specialist, with a team consisting of a study coordinator, a neuropsychologist, and at some sites a co-investigator, research fellow, and/or nutritionist. The UCDC also employs several staff members at CNMC for programmatic, grant management, administrative and biostatistical support. The UCDC currently consists of a total of 43 faculty investigators and 26 research staff members. The UCDC's steering committee is composed of the UCDC directors, the principal investigator from each site, the executive director of the National Urea Cycle Disorders Foundation, the NIH scientific and program officers, the DMCC director, the project manager, and the grant manager ( Figure 3 ).
The Urea Cycle Disorders Consortium's major goals are to: 1) develop better treatments and a deeper scientific understanding of the causes and outcomes of UCD; 2) conduct clinical trials of promising new therapies; 3) develop resources with information on UCD for clinicians, researchers, and patients; and 4) train the next generation of UCD investigators. Other objectives include promoting newborn screening for UCD to aid in identification and treatment of UCD and in establishing a research contact registry for the eight UCD under study.
UCDC Studies
The UCDC initiated a research contact registry, four clinical protocols, and two pilot studies during the initial six-year funding period. The Research Contact Registry and the Longitudinal Study of Urea Cycle Disorders are described in this review article. The other UCDC studies, which are described in separate articles in this symposium issue, include:
• Assessing Neural Mechanisms of Injury in Inborn Errors of Metabolism Using Structural MRI, Functional MRI and Magnetic Resonance Spectroscopy (MRS) (Gropman article in this supplement). This project studies cognitive and motor dysfunction in patients who are female carriers of OTC deficiency or are males with late onset presentation of OTC deficiency, utilizing state of the art MRI (magnetic resonance imaging). This project seeks to improve our understanding of the underlying neural mechanisms that contribute to metabolic, cognitive, sensory and motor abnormalities in urea cycle disorders.
• Measuring Urea Production in Patients with Urea Cycle Defects (Yudkoff article in this supplement). The overall purpose of this study is to develop a novel method to assess the in vivo rate of ureagenesis by administering [1-13 C]acetate to humans and using mass spectrometry to measure the rate of appearance of label in [ 13 C]urea.
• A Randomized, Double-Blind, Crossover Study of Sodium Phenylbutyrate (Buphenyl) and Low-Dose Arginine (100 mg/kg/day) Compared to High-Dose Arginine (500 mg/kg/day) Alone on Liver Function, Ureagenesis and Subsequent Nitric Oxide Production in Patients with Argininosuccinate Lyase (AL) Deficiency (Lee article in this supplement). This study focuses on determining if using sodium phenylbutyrate in the treatment of patients with AL deficiency improves outcome as measured by the frequency and severity of hyperammonemic crisis and transaminase levels. This is done by treating patients with sodium phenylbutyrate (Buphenyl-TM), an FDA-approved drug labeled for the treatment of other urea cycle disorders (Ornithine transcarbamylase deficiency and citrullinemia).
• N-Carbamylglutamate Treatment of N-acetyl Glutamate Synthetase Deficiency (NAGS) (Tuchman article in this supplement). This study focuses on the effect of N-Carbamylglutamate on the incorporation of [15N]ammonia into urea as a measure of restoration of ureagenesis capacity in patients with inherited NAGS deficiency diagnosed by DNA testing. The hypothesis is that N-Carbamylglutamate will restore deficient ureagenesis capacity and ameliorate the hyperammonemia in patients with inherited NAGS deficiency.
Research Contact Registry
In March 2005, the UCDC, in collaboration with the DTCC, launched an on-line research contact registry. As of July 31, 2009, 295 individuals with UCD have self-registered. Of those, 250 (85%) live in the U.S. Subjects enrolled in the registry receive information from the DTCC about UCDC studies via email bi-annually. The subject can then contact one of the UCDC sites to learn more about the studies and arrange for enrollment if they are deemed eligible to participate. March 2009 estimates show that 34% of the contact registrants are enrolled in one of the DSMB approved UCDC studies. 45% of registrants that live within 200 miles of a UCDC site are enrolled in a study, and 51% of subjects who live within 100 miles of a UCDC site are enrolled in a study. This is slightly above average for the use of contact registries in general and for the RDCRN specifically [1] .
Longitudinal Study of Urea Cycle Disorders
The Longitudinal Study follows the natural history of participants with congenital deficiencies in any of the six enzymes and two membrane transporters involved in urea biosynthesis (see Figure 4) . The specific disorders and estimated prevalence [2, 3] are noted below:
• Ornithine transcarbamylase deficiency (OTCD) (1:14,000)
• Argininosuccinate synthase (AS) deficiency (Citrullinemia) (1:57,000)
• Carbamyl phosphate synthase I (CPSI) deficiency (1:62,000)
• Argininosuccinate lyase (AL) deficiency (Argininosuccinic aciduria) (1:70,000)
• Arginase (ARG) deficiency (Argininemia) (1:350,000)
• N-acetylglutamate synthase (NAGS) deficiency (unknown)
• Citrullinemia type II (mitochondrial aspartate/glutamate carrier deficiency-CITR) (1 in 21,000 in Japan)
• Hyperornithinemia, hyperammonemia, homocitrullinuria (HHH) syndrome (or mitochondrial ornithine carrier deficiency-ORNT) (unknown)
As of July 31, 2009, after 3.5 years of recruitment, the Longitudinal Study has enrolled 352 eligible participants ( Figure 5 ). The recruitment goal is to enroll 440 participants in the study by February 2011. Recruitment from UCDC site metabolic clinic patient populations has proven to be the most effective recruitment mechanism representing 69% of enrolled participants, followed by referrals from the patient advocacy group, NUCDF (13%), referrals from other physicians (8%) and referrals of small numbers of participants from other study participants, the research contact registry, and the internet.
In early publications [4, 5] interim cross-sectional analysis of the first 183 participants enrolled during the initial 22 months of this study were presented. The current publication updates these findings for 352 eligible participants. Using the baseline assessment data provided at the time of enrollment through participant interview and review of medical records, characteristics of each type of UCD and associations with various factors were investigated. The questions posed included the following:
What is the relative frequency of proximal vs. distal UCD defects and of neonatal onset vs. late onset disease?- Table 1 illustrates the relative frequency of the various UCD among enrolled participants and those who have registered in the research contact registry. We examined relative frequencies in OTC deficiency (as a proximal defect) vs. AS/AL deficiencies (as distal defects). Thus far, the distribution of frequency among eligible and registered participants appears to be consistent with prior estimates [6, 7] . OTC deficiency is by far the most common disorder among the UCD, accounting for more than half of all participants, followed by AL and AS deficiencies which together account for slightly less than a third of the participants. It is expected that the proportional frequency of these latter two disorders will increase in the near future as infants diagnosed with AS/AL deficiencies by expanded newborn screening using tandem mass-spectrometry [8] are enrolled, while most other UCD, especially CPS1 and OTC deficiencies cannot yet be identified by this screening method.
Among Longitudinal Study participants with OTC deficiency, 11% are neonatal onset, presenting clinically within the first month of life, and 89% are late onset, presenting after one month of age. Thirty-six percent are asymptomatic heterozygous females; 37% are manifesting heterozygous females; 24% are symptomatic males; and 3% are asymptomatic males. Although the neonatal onset presentation comprises the smallest subgroup for OTC deficiency, the majority of participants with AS and AL deficiencies (56%) are neonatal onset, possibly reflecting greater survival of these participants. Based on prior studies, it was assumed that the proportion of participants with neonatal onset OTC deficiency presentation would be at least equal to those with late onset disease [9] . However, here the proportion of neonatal onset participants is much smaller. This difference may be due to failure to recruit severely affected patients before they died or those who underwent liver transplantation soon after their initial presentation. If this hypothesis is correct, as the study enrolls more participants soon after their initial clinical presentation, the proportion of neonatal cases should increase. As of July 31, 2009, only four out of 352 participants in the Longitudinal Study have died compared to a much higher proportion of deaths reported in earlier studies [10] . A retrospective analysis of data from deceased patients, including those with OTC deficiency, has been added to the study to further evaluate this question.
Are there ethnic/racial differences in UCD prevalence?- Table 2 shows the ethnic/ racial origin of the participants. Although still preliminary, a marked difference is observed between the proportion of African-Americans enrolled in the study (4%) and their proportion in the general population (12%) [11] . Hispanics/Latinos who represent a similar proportion of the general population as African-Americans accounted for 15% of enrolled participants. While this could reflect a true difference in disease prevalence, it is more likely to be related to disparity in access to information about the study, location of UCDC sites, and/or mistrust of research due to past abuses [12] .
What are the triggers for hyperammonemic episodes?-Previous studies show that the number and severity of hyperammonemic episodes impact outcome [13] . As of July 31, 2009, there were a total of 1084 episodes of hyperammonemic crises reported in 189 of the 352 participants. The participants and/or guardians were asked to provide information on perceived triggers that preceded each recorded hyperammonemic episode. They identified several precipitants, noted in Figure 6 . Not surprisingly, an intercurrent infection was the most frequently cited trigger, followed by a recent change in diet. There were several dozen other triggers listed, however, none of them was implicated in an appreciable frequency. In the majority of cases there was no specific precipitant identified. As these participants are followed prospectively in the Longitudinal Study triggers will be identified more clearly, which could lead to prevention or amelioration of these crises through early medical intervention.
What is the frequency of developmental disabilities/neurological abnormalities in UCD?-Baseline assessment includes self reporting and medical record review of neurodevelopmental parameters. Of the 352 participants, 177 reported at least one neurodevelopmental disability. As seen in Figure 7 , global developmental delay (intellectual disability) was reported most frequently (47%), followed by learning disability (38%). The effects of recurrent hyperammonemia are known to cause irreversible damage to the brain [14] , resulting in the effects reported here. Autism and mood disorders have been rarely reported in previous studies [15] , as confirmed by Longitudinal Study results.
What is the pattern of neuropsychological deficits in adults with UCD and its relationship to hyperammonemic episodes?-In a preliminary analysis of 60 adult subjects, seven had neonatal onset UCD. This small number reflects the reported high mortality during childhood in this group and a failure to recruit the most severely affected patients. Three of these subjects could not be formally assessed because of the severity of their intellectual disability; 4 were able to undergo neuropsychological testing. In the neonatal onset group, the overall mean IQ was in the range of mild intellectual disability (mean WASI Full Scale IQ (FSIQ)=57, sd=11). In contrast, the mean IQ of the late onset group (n=56) was in the average range (mean FSIQ=94, sd=21). Given the substantial number of individuals in the adult group with either mild UCD or who are asymptomatic carriers, functioning based on a history of hyperammonemic crises was also examined. Adults with no history of a documented hyperammonemic episode (defined as having an ammonia level >100uM and clinical symptoms requiring treatment) had overall intellectual abilities in the average range (n=35, FSIQ =100, SD=18) while those with a history of at least one hyperammonemic episode had an overall intellectual quotient in the borderline range of functioning (n=23, mean FSIQ=78, SD=22) ( Figure 8 ).
What is the distribution of neuropsychological deficits in children with UCD? -In a sample of 92 children ranging in age from 5 months to 16 years, 9 months (mean = 7.2 years; standard deviation = 4.7), the most prevalent diagnoses were OTCD, AL deficiency, and AS deficiency. Fifty eight percent of the subjects were female, half of whom had partial OTC deficiency.
Cognitive outcome was different based on late or early onset of disease, with early onset having more severe deficits; and by diagnosis with AS Deficiency being more severely affected (See Figure 9) . For children aged 3-16 years, eight (50%) of the neonatal onset group had FSIQ in the range of intellectual disability, five of whom fell into the moderate to profound classification. In contrast, 13 (25%) of the late onset group were classified as having an intellectual disability, with two (4%) having moderate to profound disabilities.
For the neonatal onset cases, there were greater percentages of impairment with age ( Figure  10 ). In children under three, two subjects (8%) of the neonatal onset group and none of the late onset group presented with significant cognitive delay. No significant differences between the groups were evident in either developmental or adaptive functioning (p values ranged from 0.33 to 0.89). However, there is a downward shift in scores, which were half to one standard deviation below the normative mean across all areas --cognitive development, language, motor skills, and adaptive functioning. This suggests that although most of the young children with UCD do not present with severe impairments, there is evidence that their development is mildly delayed.
The overall level of developmental disabilities across both neonatal and late onset groups is less than has been reported previously. In studies of individuals with neonatal onset disease, the percentage with any level of intellectual disability was as high as 80% in prior studies [16, 17] , as compared to the 50% noted in this study. Similarly, previous research has suggested a higher proportion of developmental disabilities in children with partial UCD. It was previously reported that >50% of school age subjects with a partial UCD were in the range of intellectual disability [18] . Lower rates of intellectual impairment in this study may be attributable to methodological differences or reflect changes in outcomes due to medical advances of children with UCD. The overall sample size in this study is substantially larger and the range of diagnoses is much wider, including more mild presentations, than the sample sizes in previous studies. Improvements in cognitive outcome may also be due to earlier recognition and intervention, and improved treatment protocols. This is suggested by the fewer children with cognitive impairments who are under age three. However, the crosssectional design is unable to rule out alternative explanations. One possibility is that the majority of the children in this group were tested at either age 6 months or 18 months of age. At those ages, the range of behaviors that can be measured are more limited and the variability of normal developmental timeframes is large. A second possibility is that over time, children with UCD may plateau or even decline in abilities due to recurrent episodes of hyperammonemia. This would be consistent with prior studies [19] that demonstrated a decline in cognitive scores over time in a group of females with OTC deficiency.
Partnerships
The National Urea Cycle Disorders Foundation (NUCDF) NUCDF, the volunteer health organization for UCD, has been an integral partner and collaborator in the UCDC since its inception. The executive director of NUCDF serves as a voting member on the executive committee of the consortium. One of her key roles has been to continually challenge the existing paradigms and barriers to advancing research in UCD. NUCDF has been especially involved in the research contact registry and longitudinal study enrollment. In terms of study design, NUCDF had a direct involvement in the development of protocols, consents, content evaluations, progress reporting, website content and the training program. NUCDF brought the perspective of the UCD community's needs into clinical protocols with its unique knowledge of the limitations of the affected community. NUCDF also partnered with the UCDC to develop content for the UCDC website.
NUCDF has facilitated recruitment in UCDC studies in a number of ways, including serving as host for an annual conference during which educational presentations are given to patients and professionals by UCDC investigators. Along with education, enrollment opportunities and information are provided to patients via exhibits and registration centers. NUCDF developed a patient survey to determine attitudes and barriers to study participation and recruited a genetic counseling student to conduct a survey via phone calls to NUCDF. NUCDF collaborated on development of UCDC brochures and distributed the brochures to families, patients and healthcare professionals. It expanded existing website content (www.nucdf.org) to educate patients and families on the importance of participation in research and to inform potential participants about open UCDC trials. NUCDF published focused articles on the UCDC studies in its quarterly newsletter. The UCDC's experience with the NUCDF points to the importance of engaging patient advocacy groups, especially in studies of rare diseases where recruitment is challenging.
Biotechnology and Pharmaceutical Industry Relations
One of the stated goals of the legislation leading to the establishment of the RDCRN was to bring orphan products more rapidly to market in order to improve the care of individuals with rare disorders in the U.S. In an effort to promote this goal, the UCDC has engaged in a number of collaborations with the pharmaceutical industry that are developing orphan products and biotech firms that are developing diagnostic technology for UCD. It becomes much more attractive for industry to tackle the testing of an orphan product if it has available a large cohort of well-characterized patients who are being followed longitudinally, are being managed according to a clinical pathway and are distributed throughout the U.S. This decreases the cost of performing Phase II/III studies and increases efficiency. These partnerships also potentially provide a source of additional funding to support a treatment network such as the UCDC.
Lessons Learned
Large networks work more slowly than independent, investigator-initiated studies, but the network offers the advantage of several levels of review, guidance from regulatory and statistical experts, and protocol monitoring. Being part of a disorder-specific consortium also offers many advantages, such as creation of tissue, cell, and DNA banks; improved diagnostic facilities; and frequent interaction with professional colleagues, which ultimately benefits patient care. Although the major purpose is research, we have found that patient care has also improved with adherence to clinical diagnostic pathways leading to earlier detection and treatment protocols that have improved outcomes. The UCDC's experience has shown that collaboration with volunteer health organizations/patient advocacy groups is essential, as these organizations have greater access to patient populations and make significant contributions to protocol development, recruitment, development of appropriate website content, and much more. Seeking partnerships with grateful patients, philanthropic foundations and biotech companies with a shared interest in the disorder-specific patient population can also be mutually beneficial. Finally, while it is tempting to try to answer many questions and hypotheses within a study protocol, it is best to simplify protocols and define hypotheses as much as possible when doing a longitudinal study. Otherwise, data collection becomes cumbersome and difficult to complete accurately. It is also important to be realistic (conservative) when predicting enrollment numbers. DSMB-data safety and monitoring board; PRC-protocol review committee; CPAG-patient advocacy group; NUCDF-National Urea Cycle Disorders Foundation; DMCC-data monitoring and coordinating center. Organizational Structure of the Urea Cycle Disorders Consortium The Urea Cycle Possible Age Effects on IQ
